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 Here observational characteristics of 12 solar neutron events are presented.
 Different calculation methods of neutron energy spectrum are compared.
 It can be parameterized in the acceleration parameters and physical parameters of one speciﬁc solar neutron event.a r t i c l e i n f o
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Solar neutron events provide important opportunities to explore particle acceleration mechanisms using
data from ground-based detectors and spacecrafts. Energetic neutrons carry crucial physics information
of the acceleration site, such as energy spectrum, atmospheric elements of solar ﬂare, scale height, con-
vergence of the magnetic ﬁeld and magnetohydrodynamic turbulence. Here 12 representative solar neu-
tron events observed on the Earth, together with X and c-ray observations from spacecrafts are
presented. Theoretical approaches on solar neutrons that are carried out mainly through the Monte
Carlo simulation are compared with the observation data, and the constraints of different theoretical
models on the observations are to be summarized.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Solar activities are intense explosions which accompany by pro-
ducing high energy particles including solar protons, electrons and
a small amount of neutrons. Neutrons are produced by collisions of
ions in the solar photosphere, such as the interactions between the
accelerated proton, heavy ion and the surrounding atmosphere as
presented in Fig. 1. The processes include p–p reaction, a–a reac-
tion, p–a reaction, p and a reaction with the surrounding heavy
nuclei and their reverse reactions. Researches on the neutron and
gamma rays can directly obtain the following information: the
total number of accelerated particles, time evolution, angular dis-
tribution and their propagation in the ﬂare atmosphere, etc.
(Dorman, 2010; Hua et al., 2002; Murphy et al., 2012).
Theoretical researches on neutron escaping and eventually
transferring to the Earth’s surface were ﬁrst put forward by
Lingenfelter et al. (1965). Since then, Monte Carlo simulations havebeen developed to track a neutron until neutron was captured by
hydrogen atoms in the solar atmosphere which emits 2.223 MeV
neutron-capture line or escapes from the surface of the Sun (Hua
and Lingenfelter, 1987a). Furthermore, they computed escaping-
neutron angular distribution, energy spectrum and escaping-
neutron spectrum near the Earth, considering the spiral angle of
magnetic ﬁeld in the solar ﬂare loops and the magnetic mirror
effect (Hua et al., 2002). The above calculations also include the
relationship between the production of anisotropic neutrons, the
height of the solar atmosphere, time evolution, angle and energy.
Formula (1) and (2) express the neutron angular distribution and
energy distribution, respectively (Hua et al., 2002).
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oration temperature with a value of 2.5 MeV, and c ¼ 5=11.
In addition, theoretical researches have also shown that time
scale of neutron detected near the Earth is about 1166 s when neu-
tron energy En is about 100 MeV (Hua et al., 2002). In the stationary
reference frame of neutron, it takes about 1054 s to propagate from
the Sun to the Earth. The average life span for the neutron decay is
about 918 s, and it means that about 70 % neutron decays during
the passage from the Sun to the Earth. High-energy neutrons are
more likely to survive at 1 AU, and the corresponding angular dis-
tribution (its energy range is 100–1000 MeV) does not change
essentially.
In observations, the detection methods of solar neutron can be
divided into two types (Murphy et al., 2007): direct observation
and indirect observation. Direct observations include the following
cases: (i) Escaping-neutrons out of the solar atmosphere which
reach the Earth can be directly captured by the Earth’s orbit satel-
lite. (ii) Ground-based neutron monitoring network can detect
high-energy neutrons (E > 200 MeV). In addition, indirect observa-
tions include the following cases: (i) The escaping-neutrons, which
decay into protons, can be detected in the space (Evenson et al.,
1983). (ii) Neutrons on the Sun, which are captured by hydrogen
atoms in the photosphere, can emit 2.223 MeV rays in space, and
they can be detected by the c -ray spectrometer. Because neutrons
(E < 100 MeV) seriously attenuate during the propagation process
of the Earth’s atmosphere, they can not reach the Earth surface.
Space exploration is the only method to detect neutrons
(E < 100 MeV), while spacecraft and ground-based detector can
detect neutron (E > 100 MeV) simultaneously.2. The ground-based observational characteristics of solar
neutron
2.1. Ground-level Enhancement (GLE) and solar neutron events
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Fig. 1. Eight types of neutron-producing reactions which contribute to neutron productio
means all the nuclear species heavier than 4He.(Andriopoulou et al., 2011). There are two types of the ground-
level enhancements of solar cosmic ray intensity, i.e. proton ones
caused by accelerated charged particles and unusual enhance-
ments from solar neutron (Belov and Asipenka, 2009). They are
both rapid rise of short duration in the counting rates of ground-
based neutron monitors. Neutron-dominated enhancements are
always connected with the observable ﬂares which distribute uni-
formly on the Sun disk, while the solar origin of proton-dominated
enhancement often concentrates at the western heliolongitudes.
Their other differences are listed in Table 1. So far 71 Ground-level
Enhancements Events (GLEs) have been identiﬁed, and the most
recent event recorded on 17 May 2012 (GLE71) were analyzed
separately (Papaioannou et al., 2014; Plainaki et al., 2014).
Because neutrons easily attenuate in the Earth’s atmosphere,
probability of capturing neutron is very low. Ground-level
Enhancement (GLE) associated with solar activities which meet
the following conditions can be conﬁrmed as a solar neutron event.
(i) We can eliminate that the enhancements are produced by high-
energy ions, if the counts which are recorded by neutron monitors
increase during the day and the other stations in the night without
any enhancements. (ii) The time of counts recorded by the ground-
based detectors is approaching to the corresponding emission time
of hard X ray and c ray in solar ﬂare. (iii) The time of counts
recorded by the ground-based detectors precedes the arrival time
of solar proton events observed by GOES satellite, completely rul-
ing out the interference from solar protons. (iv) The moments of
counting enhancement recorded by the other solar neutron detec-
tors (such as the solar neutron telescope and muon telescope) meet
each other.
2.2. Characteristics of solar neutron events observed on the Earth
Table 2 shows the known observational features of 12 solar
neutron events (1 case happened in solar cycle 21, and 4 cases
occurred in solar cycle 22. The other 7 cases occurred in solar cycle
23). The observational characteristics include: (i) The soft X-ray
magnitudes of solar neutron events that happened during solar
cycle 21 and 22 were greater than X8 magnitude, while the soft102 103 104
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Table 1
Differences between the proton enhancement and neutron-dominated enhancement of solar cosmic ray.
Type Solar origin Frequency Amplitude Duration Anisotropy Energy spectrum
Proton enhancements Protons and nuclei Rarely Up to 270% Many hours 100% Considerably changes in time
Neutron enhancements Solar neutron Seldom <25% Some minutes Not always More stable
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(2000-11-24 events) and X5.3 (2001-08-25 events), respectively. It
suggests that there is no obvious correlation and threshold
between the soft X-ray level of solar ﬂare and capturing-probabil-
ity of solar neutron events. There is also no correlation between the
energy spectrum index of neutron and its corresponding soft X-ray
level of solar ﬂare in the solar neutron events. There is only weak
correlation (about 0.46) between neutron ﬂux on the Sun and the
ﬂux of soft X-ray in solar ﬂare (Watanabe et al., 2005). In addition,
the onset time of c rays and the start time of solar neutron events
show good correlation. The above observation results certainly do
not rule out the constantly improved resolution of spacecrafts and
the detection efﬁciency of cosmic-ray detectors during solar cycle
23, as well as the other factors such as neutron ﬂux is larger in
some solar neutron events (Shibata et al., 1993). (ii) The probability
of disk ﬂare and limb ﬂare in triggering the solar neutron events is
equal (6:6), and it is not consistent with Hua and Murphy’s conclu-
sion that the solar neutron events induced by limb ﬂare is more
likely to be observed (Hua et al., 2002; Hua and Lingenfelter,
1987a,b; Murphy et al., 2007). (iii) As far as the altitude is con-
cerned, ground-based stations which capture the solar neutron
events mostly locate in more than 2200 m a.s.l. (except for the
2003-10-28 event, the height of the Namibia ground-based NM
station is only 1240 m, and its soft X-ray level of solar ﬂare with
the value of X17.2). In terms of geomagnetic cut off, there’s less
chance of IGY neutron monitor to capture the solar neutron events
(e.g. 1982-06-03 event and 1990-05-24 event). In general, higher
the geomagnetic cutoff, more easy to exclude the interference from
the low-energy ions. In addition, enhancement signals recorded by
cosmic-ray detectors are generally above 4 r. (iv) The solar neu-
tron events are often accompanied by strong electromagnetic
radiations, and the correlation between production time of solar
neutron and hard X rays, c ray is more closer than that with soft
X-ray (Watanabe, 2005). When people calculate the neutron
energy spectrum, the production time of solar neutron is generally
considered to be simultaneous with nuclear deexcitation lines
(4–7 MeV). The production time of 2.223 MeV c ray usually lags
about 100 s after high-energy neutrons emission time, because
neutrons need some thermalization time to be captured by hydro-
gen atoms.3. The detection of solar neutron
Neutrons which reach the Earth escaping out of solar atmo-
sphere can be directly captured by spacecrafts near the Earth orbit,
while energetic neutrons (E > 200 MeV) can be observed by the
ground-based neutron monitors. Part of solar neutrons on the
Sun can be captured by hydrogen atoms with releasing neutron-
capture line (2.223 MeV), or can also be detected by c ray
spectrometer in space.
3.1. The ground-based detectors
Global coverage of the neutron-monitor network and solar
neutron telescopes with synchronous muon telescopes can
continuously track the Sun. Main structure and characteristics of
the above detections are shown in Table 3. There are 11 neutron
monitors of which elevation is above 2000 m and they are locatednear the equator (40) among them. The number of neutron
monitors of which altitude is above 3000 m and the number of
which are located near the equator (40) is 9. The quantity of
solar neutron telescopes of which altitudes are above 2000 m
and the number of which are located near the equator (50) is 7.
Table 3 shows that the ground-based cosmic-ray detectors
(neutron monitor, solar neutron telescope and muon telescope)
have their own inherent characteristics. To some extent, they can
complement each other, and provide intersectional observational
characteristics of solar neutron events.
3.2. The space-borne instruments
There has been no space detector launched for the solar neutron
so far, but spacecrafts which detect the solar radiation can
indirectly provide solar neutron data as shown in Table 4. It is
suggested that the spacial characteristics of solar neutron events
reﬂect the whole band of electromagnetic radiation and particle
radiation, etc., and it is not sufﬁcient to analyze the complex physi-
cal processes only through spacial or ground-based observation
data. It should be noted that SMM/GRS can not discriminate the
photons and neutrons, and CGRO/BATSE regards the moments
of c rays emission as the starting time of particle acceleration
on the solar surface. The results of RHESSI show that c-rays imag-
ing can provide the location of ion acceleration and neutron
production.
4. The calculation of the neutron energy spectrum
For the calculation of neutron energy spectrum in solar
neutron events, four types of energy spectrum should be con-
sidered (Murphy et al., 2007): (i) Neutron energy spectrum of
the source area. (ii) Neutron energy spectrum on solar surface.
(iii) Neutron energy spectrum at the top of the Earth’s atmo-
sphere. (iv) Neutron energy spectrum above the ground-based
detector.
4.1. Neutron energy spectrum of the source area
Angular distribution and energy distribution of neutrons from
the source area can be expressed by formula (1) and (2), and its
energy spectrum is shown in Fig. 2. Here incident particles take
the typical Bessel spectrum (aT = 0.03) and the power-law spec-
trum in the form of spectrum index (S = 3.5), respectively (Hua
et al., 2002).
Murphy introduced particle acceleration, magnetic-loop trans-
port and interaction model of solar ﬂares, and tried to explore
the relationships between the acceleration parameters, physical
parameters in the magnetic loops and measurements of energetic
solar ﬂare (as shown in Tables 5 and 6).
In addition, Watanabe used Hua’s magnetic-loop transport and
interaction model to analyze the observation data of solar neutron
event on September 7, 2005, and found that this model can ﬁt the
data with appropriate values of magnetic convergence and pitch-
angle scattering parameters as shown (Watanabe et al., 2009;
Hua et al., 2002) in Table 5. The heliocentric angle of solar ﬂare
(hobs) can be determined by optical image of NOAA/SEC.
Furthermore, Watanabe compared the observed counting rates
Table 2
12 identiﬁed solar neutron events.
No. Onset time Flares
class and
location
Solar
zenith
angle/
()
Ground-based detectors Spacecrafts Observed characteristics Solar
cycle
References
Location Lon/lat Instrument
type
Altitude/
m
Cut-off
rigidity/
GV
Enhancement
1 1982-06-03
11:43 UT
X8/2B
S09E72
25 Jungfraujoch
(Switzerland)
Lomnicky stit
8/47
20/49
IGY
8NM64
3475
2623
4.61
3.2
6.7r SMM/GRS Bursts during 11:43–11:44 UT show photon
characteristics;
Impulsive during 11:44–11:47 UT indicates the
mixture characteristic of X-ray and neutron;
Delayed emission during 11:47–12:06 UT presents
the interaction characteristics of high-energy
neutrons and GRS scintillation
Neutron energy spectrum can be ﬁtted by the
power-law spectrum with spectral index of - 2.4
21 Chupp et al. (1983),
Debrunner et al. (1983),
Eﬁmov et al. (1983),
Chupp et al. (1987),
Kudela (1990)
2 1990-05-24
20:48 UT
X9.3/1B
N36W76
29 Climax
(America)
254/39 IGY 3400 2.99 9r Granat/
PHEBUS
Moreton wave appears during 20:47:40–
20:47:50 UT;
The ﬁrst c rays (75–95 MeV) peaks at 20:48:12 UT;
Energetic neutron on the solar surface produced at
20:48:18 UT;
2.223 MeV and discrete spectral emission of c-ray
peak at 20:48:28 UT;
The second c rays (75–95 MeV) peaks at
20:48:36 UT
22 Debrunner et al. (1993),
Smart et al. (1995),
Debrunner et al. (1997),
Terekhov et al. (1993),
Vilmer et al. (2003)
3 1991-03-22
22:44 UT
X9.4/3B
S26E28*
21 Haleakala
(America)
204/21 NM64 3030 4.38 2–3% Granat/
PHEBUS
X-ray burst begins at 22:43 UT
Radio ﬂux of 2.7 GHz and 8.8 GHz peak at 22:44 UT;
Ha intensity peaks at 22:45 UT
22 Pyle and Simpson
(1991),
Terekhov et al. (1996)
4 1991-06-04
(F)03:37 UT
(N)03:41 UT
X12/3B
N30E70
18.9 Mt.Norikura
(Japan)
138/36 NM64 2770 11.5 5.1r CGRO/
OSSE
NoBE
CME accompanied by metric-wave burst of IV type
appears at 03:40:44 UT;
c-ray emission peaks at 03:42 UT;
The second maximum of radio ﬂux of 17 GHz
appears at 04:25 UT
22 Murphy et al. (2007),
Struminsky et al.
(1994),
Muraki et al. (1992)
15 SNT 4.4r
lT 3.3r
5 1991-06-06
00:58 UT
X12/4B
N33E44*
26 Mt.Norikura
(Japan)
138/36 NM64 2770 11.5 5.2r CGRO/
BATSE
NoRP
Two c-ray emissions (1–10 MeV) appear at
01:05 UT and 01:06 UT, respectively;
The peak of millimetric wave (80 GHz) appears at
01:06 UT
22 Watanabe et al.
(2003a),
Muraki et al. (1995)
44.5 Haleakala
(America)
204/21 NM64 3030 4.38 4.3r
6 2000-11-24
(F)14:51 UT
(N)15:08 UT
X2.3/2B
N22W07*
17.4 Mt.Chacaltaya
(Bolivia)
292/16 NM64 5200 12.5 5.5r GOES8
(0.5–4Å)
Yohkoh/
SXT
Yohkoh/
HXT
Yohkoh/
GRS
Three bumps of soft X rays appear, and protons
(EP > 100 MeV) lag behind 1 h to reach the ground
Soft X-ray loop appears and gradually brighten
Hard X rays appears at the soft X-ray footpoint of
ﬂare, when soft X-ray source arises
2.223 MeV neutron-capture line is superimposed
on the composition of bremsstrahlung, and its
emission duration is longer than c-rays emission
(C: 4.438 MeV) and O: 6.129 MeV)
23 Watanabe et al.
(2003b)
7 2001-04-15
(F)13:19 UT
(N)13:51 UT
X14/5C
S20/W85
/ Mt.Chacaltaya
(Bolivia)
292/16 NM64 5200 12.5 3.6r GOES
Yohkoh/
SXT
Yohkoh/
HXT
Yohkoh/
GRS
Geotail
The ﬂare reaches its maximum at 13:50 UT;
Ions are accelerated at 13:45 UT with the same
proﬁle of c rays, and particles acceleration
continues until 13:51 UT;
Hard X-rays starts at 13:44 UT
23 Muraki et al. (2008)
28
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Table 2 (continued)
No. Onset time Flares
class and
location
Solar
zenith
angle/
()
Ground-based detectors Spacecrafts Observed characteristics Solar
cycle
References
Location Lon/lat Instrument
type
Altitude/
m
Cut-off
rigidity/
GV
Enhancement
8 2001-08-25
(F)16:23 UT
(N)16:32 UT
X5.3/3B
S17E34*
26.5 Mt.Chacaltaya
(Bolivia)
292/16 NM64 5200 12.5 4.7r GOES
Yohkoh/
SXT
Yohkoh/
HXT
Yohkoh/
GRS
Flux of soft X-ray reaches its maximum at
16:45 UT;
Soft X-ray loop appears after 16:45 UT and
gradually brightens.
Energy spectrum of hard X rays is the hardest at
16:32 UT;
Weaker 2.223 MeV neutron-capture line is
superimposed on the composition of
bremsstrahlung, but no obvious c rays (4–7 MeV)
emission appears
23 Watanabe et al. (2003c)
9 2003-10-28
(F)09:51 UT
(N)11:04 UT
X17.2/4B
S16E08*
9.5 Tsumeb
(Namibia)
17/19 NM64 1240 9.21 6.4r GOES
RHESSI
INTEGRAL
Flux of soft X-ray reaches its maximum at
11:00 UT;
The acceleration of the particle characteristics
appears at 11:06 UT; Spectrum line of O
(6.129 MeV) peaks at 11:04:15 UT;
2.223 MeV neutron-capture line emission peaks at
11:06 UT;
23 Watanabe et al. (2006a)
10 2003-11-02
(F)17:03 UT
(N)17:17 UT
X8.3/2B
S14W56*
11.5 Mt.Chacaltaya
(Bolivia)
292/16 NM64 5200 12.5 4.7r GOES
RHESSI
(800–
7000 keV)
Flux of soft X-ray reaches its maximum at
17:25 UT;
Y rays emission (4–7 MeV) peaks at 17:17 UT, but
no deexiciation c rays line are observed
2.223 MeV neutron-capture line emission peaks at
17:40 UT
23 Watanabe et al.
(2006b)
11 2003-11-04
(F)19:29 UT
(N)19:45 UT
X28/3B
S19W83
50.5 Haleakala
(America)
204/21 NM64 3030 4.38 7.5r GOES
Geotail
INTEGRAL
Flux of soft X-ray line reaches saturation at
19:53 UT;
Hard X-rays spike appears at 19:44 UT;
Bremsstrahlung emission of energetic crays peaks
at 19:45 UT;
Emission of weaker 2.223 MeV neutron-capture
line peaks at 19:47 UT;
23 Watanabe et al., 2006a
40.5 Mexico City
(Mexico)
261/19 NM64 2274 8.61 5.2r
12 2005-09-07
(F)17:17 UT
(N)17:36 UT
X17/3B
S06E89
17.5 Mt.Chacaltaya
(Bolivia)
Sierra Negra
(Mexico)
292/16
262/19
NM64
NM
SNT
5200
4580
12.5
9.53
2r INTEGRAL
Geotail
4.4 MeV c-rays line peaks at 17:36 UT;
2.223 MeV neutron-capture line are observed, but it
is in accordance with the limb ﬂare
23 Watanabe et al. (2007)
Note: (i) IGY and NM64 are two types of neutron monitors. (ii) NM denotes neutron monitor, and SNT means solar neutron telescope, with lT of muon telescope. (iii) The other ﬂares are all the limb ﬂares except for star (* indicates
the disk ﬂare). (iv) F denotes the start time of ﬂare, and N means the production time of solar neutron in the column of onset time. (v) The following abbreviations stand for the spacecrafts, such as SMM/GRS (Solar Maximum
Mission/Gamma Ray Spectrometer), CGRO/BATSE (Compton Gamma Ray Observatory/Burst And Transient Source Experiment), NoRP (Nobeyama Radio Polarimeters), GOES (Geostationary Operational Environmental Satellites),
Yohkoh/SXT (Yohkoh/Soft X-ray Telescope), Yohkoh/HXT (Yohkoh/Hard X-ray Telescope), Yohkoh/GRS (Yohkoh/Gamma Ray Spectrometer), CGRO/OSSE (Compton Gamma Ray Observatory/Oriented Scintillation Spectrometer
Experiment), CGRO/COMPTEL (Compton Gamma Ray Observatory/Imaging Compton Telescope), RHESSI (Reuven Ramaty High Energy Solar Spectroscopic Imager), and Geotail (Research on structure and dynamics of the Earth’s
magnetotail), and INTEGRAL (International Gamma-Ray Astrophysics Laboratory), and so on.
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Table 3
Ground-based detectors of cosmic rays (neutron energy >200 MeV) (Muraki et al., 2008; Valdes-Galicia et al., 2009; Yu et al., 2010).
Instrument name Scientiﬁc target Basic structure Detection efﬁciency Disadvantages
Neutron Monitor
(NM)
Detection of neutrons and
protons
Reﬂector, generator, moderator,
proportional counters
20–30% No directional capability
Solar neutron
telescope
Arrival directions and energy
of neutron
Proportional counters and scintillators About 30%; arrival
direction: ± 15
Only sensitive for limited energy and
speed range
Muon telescope Cosmic ray intensity and
anisotropy
Multilayer scintillator Not yet formed all-weather
monitoring network
Table 4
Spacecrafts detection of solar neutron events.
Instrument name Scientiﬁc target Energy range Lifetime References
SMM/GRS Solar c rays, neutrons c rays: 300 keV–20 MeV 1980–1989 Chupp et al. (1987)
Neutrons: >20 MeV Forrest et al. (1980)
CGRO/BATSE c rays burst 20–600 keV Since 1991 Watanabe (2005)
CGRO/OSSE Flare nuclear energy spectrum c rays: 0.05–150 MeV Since 1991 Murphy et al. (2007)
Neutrons: >10 MeV
CGRO/COMPTEL Solar c rays, neutrons 0.8–30 MeV Since 1991 Watanabe (2005)
Soft X-ray imaging,
Yohkoh/SXT Temperature distribution of corona gas 0.25–4 keV 1991–2001 Tsuneta et al. (1991)
and magnetic structure
L: 14–24 keV
M1: 24–35 keV
Yohkoh/HXT Hard X-ray imaging M2: 35–57 keV 1991–2001 Kosugi et al. (1991)
H: 57–100 keV
Yohkoh/GRS Energetic electron and ion acceleration 1.4–62 MeV 1991–2001 Watanabe (2005)
X-ray imaging, c-rays imaging,
RHESSI basic processes of particle acceleration 3 keV–20 MeV Since 2002 Lin et al. (2002)
and energy release
X rays: 0.05–100 MeV
Neutrons: >20 MeV
CORONAS-F/SONG c rays and X rays Electron: 12–100 MeV Since 2001 Watanabe (2005)
Proton: >75 MeV
INTEGRAL/SPI c rays 20 keV–8 MeV Since 2002 Watanabe (2005)
Note: i) SMM/GRS, it can not discriminate the photons and neutrons. ii) CGRO/BATSE, the moments of c-rays emission are regarded as the starting time of particle acceleration
on the solar surface. iii) RHESSI, c-rays imaging can provide the location of ion acceleration and neutron production.
10−2 10−1 100 101 102 103 104
10−9
10−8
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10−6
10−5
10−4
10−3
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E)
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Power Law=3.5
Bessel Function αT=0.03
Fig. 2. Neutron energy spectra are calculated by use of Hua’s Monte Carlo for the incident particles having a Bessel function spectrum with aT ¼ 0:03 for the blue line, and a
power-law spectrum with index S = 3.5 for the red line. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Table 5
Acceleration parameters and physical parameters in the magnetic loop model of solar ﬂares and its values in the observation (Murphy et al., 2007; Watanabe et al., 2009).
Parameter type Parameter name Loop model parameters for September 7, 2005 event
Acceleration parameters (i) power-law spectral index, s; (i) S = 2.0 to 6.0
(ii) Acceleration release time history, aion(t) (ii) 4.4 MeV line history, impulsive, etc
(iii) Acceleration-ion composition (iii) Impulsive, 3He/4He = 1
Physical parameters (i) Flare loop length, L (i) L = 36800 km
(ii) Level of pitch-angle scattering mean free path, k (ii) k = 20 (saturated)–40,000 (none)
(iii) Magnetic convergence index, d (iii) d = 0.0 (no)–0.45 (strong)
(iv) Flare heliocentric angle, hobs (iv)hobs = 89:0 (S06 E89)
(v) Atmospheric density and temperature model, n(h), T(h) (v) Avrett model (1981)
Table 6
The corresponding relationship between the observation of high-energy ﬂares and acceleration parameters, physical parameters in the magnetic-loop transport and interaction
model (Murphy et al., 2007).
Measurement of energetic ﬂare Acceleration parameters Physical parameters
Narrow deexciation line ﬂuences and ratios a/p, S Ambient abundances
Narrow deexciation line shift and shape a/p, S d; k; hobs , n(h)
Narrow deexciation line time history aion(t) d; k, L, n(h)
Electron bremsstrahlung time history aeðtÞ L
Neutron-capture line time history aionðtÞ;a=p, S d; k; hobs , n(h), L
Neutron ﬂuence at the Earth a/p, S d; k; hobs , n(h)
Neutron arrival time history at the Earth aionðtÞ;a=p, S d; k; hobs , n(h), L
X.X. Yu et al. / New Astronomy 39 (2015) 25–35 31recorded by neutron monitors with the calculated results from
Hua’s transport and interaction model with k = 2000, d = 0.12,
and s = 4.42 (Watanabe et al., 2009), considering neutron
attenuation in the Earth’s atmosphere (Shibata, 1994) and detec-
tion efﬁciency of the neutron monitor (Clem and Dorman, 2000).
It is suggested that reasonable values of physical parameters and
acceleration parameters in the magnetic-loop transport and inter-
action models can be consistent with the observation self-
consistently.
4.2. Neutron energy spectrum on the solar surface and that at the top
of the Earth’s atmosphere
Flux of neutrons on the solar surface and that at the top of the
Earth’s atmosphere have the following relationship (Muraki et al.,
1992):
I  n ¼ L
2
xðEnÞ FEn; ð3Þ
where I  n is the intensity of neutron on the solar surface in the
unit of neutrons 	 MeV1 sr1; FEn is the ﬂux of neutron at the top
of the Earth’s atmosphere in the unit of neutrons 	 MeV1	m2, and
xðEnÞ ¼ expð tcsÞ means the survival rate of neutron decay before
reaching the Earth’s surface, dependent of neutron energy. s is the
time scale of neutron decay with the value of 886 s, and
c ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃ
1b2
p ; L is one astronomy unit (1:5
 1011 m).
Furthermore, calculation of neutron energy spectrum on the
solar surface can be outlined as observation method and model
method (d model and c model).
4.2.1. Observation method
By assuming solar energetic neutrons produced with the same
time proﬁle as the c rays, we can obtain the solar neutron energy
(En) at that time as the following formula according to the Time of
Flight Method.
E2n þ 2EnMn þM2n
M2n
¼ c
2Dt2 þ L2 þ 2cDtL
c2Dt2 þ 2cDtL ; ð4Þ
where Mn is the static mass with the value of 940 MeV, L is the dis-
tance between the Sun and the Earth, and c the light speed.According to the time proﬁle of ground-based neutron monitor
counts, we can obtain ﬂux of solar neutron at the top of the
Earth’s atmosphere FEn as expressed in the following formula
(Muraki et al., 1992; Watanabe et al., 2003b).
FEn ¼ DNDEn 	 eðEnÞ 	 AttðEnÞ 	 S ; ð5Þ
where DN is the excess counts of neutron monitor during this per-
iod, DEn is the energy range of neutron, and eðEnÞ the detection of
neutron monitor dependent of neutron energy (En) (Clem and
Dorman, 2000; Shibata and Munakata, 2001). AttðEnÞ is the attenua-
tion at the site of one neutron monitor (obtained by Monte Carlo
simulation) (Debrunner et al., 1989; Shibata, 1994), and S is the
effective detecting area of one neutron monitor.
Attenuation model which solar neutrons transport in the Earth’s
atmosphere mainly includes Debrunner model (Debrunner et al.,
1989) and Shibata model (Shibata, 1994). In terms of its accuracy,
the two models have no comparability between them. Debrunner
model not only includes the transportation process of solar neu-
trons, but also the detection efﬁciency of neutron monitor. But
experimental results from RCNP accelerator in Japan are more
inclined to support Shibata model (Koi et al., 2001). The energy
spectrum of solar neutron on the solar surface (Ean) can be deduced
from solar neutron ﬂux (FEn) at the top of the Earth’s atmosphere
(Watanabe et al., 2003b) as expressed by the following formular.
Eave ¼
R E2
E1
EnE
a
ndEnR E2
E1
EandEn
; ð6Þ
where En is the kinetic energy of neutron, and a is the power-law
spectral index. In addition, Eave is the power-law spectral index. In
addition, E1; E2 are the lower limit and upper limit of energy, respec-
tively. Considering the solar neutron decay in the Earth’s atmo-
sphere and detection efﬁciency of neutron monitor, we get the
optimal value through iterative analysis.
4.2.2. Model method
Based on different assumptions about the production way of
solar neutron, model method can be generally divided into two
types i.e. d model and c model. d model is considered that solar
neutron is produced impulsively, and neutron ﬂux on the Sun at
time t can be obtained by the formula (7) (Chupp et al., 1987).
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where F  nðtÞ is the solar neutron on the Sun with the unit of neu-
trons 	 cm2 	 s1, and L is one astronomy unit. ts is the ﬂight time of
neutron between the Sun and the Earth, and En is the kinetic energy
calculated from the Time of Flight Method. q0ðEn; tsÞ is differential
emission spectrum of neutrons on the Sun at the time of ts, and
its unit is neutrons 	 MeV1 sr1. q0ðEn; tsÞ can take the following
three kinds of forms:
q0ðEnÞ / Esn ; En 6 Ec; q0ðEnÞ  0; En P Ec;
q0ðEnÞ / E3=8n exp ðEn=3:26U2Þ
1=4
h i
;
q0ðEnÞ / expðEn=E0Þ;
where dEndtn is the energy-time dispersion relation of neutrons
(Lingenfelter and Ramaty, 1967), only dependent of neutron energy,
and xðEnÞ ¼ expð tcsÞ is the survival rate of solar neutrons before
reaching the Earth, dependent of neutron energy (En).
Results compared with the space and ground observation data
suggest that we can not obtain the optimum ﬁtting results by d
function model (Chupp et al., 1987). The reasons are that (i) there
are some solar neutron events of which excess count records of
neutron monitors lasts for up to ten minutes. Counts of neutron
monitors are signiﬁcantly higher after the ﬁrst photon arrived
5 min later during the impulsive emission, and it can not be
explained only by the d function model. (ii) In addition, people ﬁnd
that c rays can be produced gradually through the space observa-
tion. (iii) Observations suggest that the energy spectrum of ener-
getic neutrons is changing its intensity with time, rather than a
single form. It is necessary that energetic neutrons spectrum has
different forms during the pulse phase and gradual phase. We
therefore take the gradual type (c model) or hybrid type (pulse d
model and gradual c model) for the calculation of neutron energy
spectrum, and compare it with the computational results of obser-
vation method.
c model suggests that solar neutrons are produced with the
same time proﬁle as the c-rays nuclear deexcitation spectrum
(Watanabe, 2005). If the nuclear deexcitation line is not obvious,
it can be taken place with the time proﬁle of bremsstrahlung spec-
trum. In fact, it is more reasonable that solar neutrons are assumed
to be successively produced in some certain periods. Because c
rays emission (4–7 MeV) is the optimal indicator of solar neutron
production, we should deduce the neutron spectrum on the solar
surface according to the c model. q0ðEn; tsÞ in the formula (7)
accordingly takes the following expression (Chupp et al., 1987):Table 7
Comparison of neutron ﬂux obtained by the observation method in solar cycle 21 and 22 (
No. Onset time Observation method
Power-law spectrum index
1 1982-06-03 4.0 ± 0.2 (Watanabe, 2005)
3.7 ± 0.2 (Shibata et al., 1993)
2 1990-05-24 2.9 ± 0.1 (Watanabe, 2005)
2.6 ± 0.1 (Shibata et al., 1993)
3 1991-03-22 2.7 ± 0.01 (Watanabe, 2005)
2.4 ± 0.1 (Shibata et al., 1993)
4 1991-06-04 4.9 ± 1.3 (Watanabe, 2005)
4.9 ± 1.7 (Shibata et al., 1993)
5 1991-06-06 4:6þ0:40:3 (Watanabe, 2005)q0ðEn; tsÞ ¼
X
ts
q0ðEn; tsÞ ¼ K
X
ts
f ðtsÞqðEnÞ; ð8Þ
where q0ðEn; tsÞ is energy spectrum function of solar neutron on the
Sun in the unit of neutrons 	MeV1 sr1. K is the normalization con-
stant, and f ðtsÞ is proportional to the time proﬁles of pion and c-
rays. qðEnÞ is the function form of solar neutron spectrum, identical
to the three forms in the formula 7.
The calculation results from cmodel suggest that ﬁtting results
have deﬁciencies, although the spacial detection (GRS) and
ground-based observation from neutron monitors can limit the
form of neutron energy spectrum (Chupp et al., 1987). For example,
(i) We should introduce a high-energy truncation energy Ec to
explain the excess counts of neutron monitors at the beginning
of the event. We can reduce energy spectrum index S or increase
the form of truncated spectral energy to ﬁt the counts recorded
by the neutron monitor, but neutron counts did not peak at the
start time of the solar neutron events. (ii) Power-law spectrum is
used to ﬁt the data from neutron monitor, but it cannot reﬂect
its complex structure and the time evolution of ﬁne processes.
(iii) The calculation results of hybrid model suggest that 80% of
neutron emission originates from the gradual launch phase, and
it is inconsistent with d model that 100% of solar neutron is pro-
duced during the impulsive phase.
The above researches show that the calculation of neutron
energy spectrum should consider neutron emission model of
which energy spectrum changes with time.
4.3. Comparison of calculation results
According to the above two kinds of calculation methods
related to solar neutron spectrum (observation method and model
method), we compare solar neutron ﬂux and spectrum index of
solar neutron events in Tables 7–9 and Fig. 3. It can be inferred that
observation method and model method can explain the observa-
tion parameters in the solar neutron events to some extent, but
we still need to consider the inﬂuence of some other factors
involved: (i) The spectrum indexes of solar neutron events which
occurred during the solar cycle 23 are softer than those happened
during the solar cycle 21 and 22. There are 5 solar neutron events
which are observed by the neutron monitor named Mt. Chacaltaya
during the solar cycle 23, and its vertical atmospheric mass is only
540 g=cm2 which is easy to detect weak signal with softer spec-
trum index. (ii) Neutron counts which reach the top of ground-
based detectors in solar neutron events are almost the same, and
it suggests that it is inconsistent to calculate energy spectrum of
solar neutrons by using the model method. (iii) During the solar
neutron events occurred on Octomber 28, 2003, power-lawWatanabe et al., 2005; Shibata et al., 1993; Watanabe, 2005; Debrunner et al., 1993).
Neutron ﬂux on the Sun
(
1028 sr1)
The number of neutrons at the
top of the Earth’s atmosphere
690 (Watanabe, 2005) 4
 104(Debrunner et al., 1993)
8 (Debrunner et al., 1993)
840 (Watanabe, 2005) 4
 105 (Debrunner et al., 1993)
560 (Debrunner et al., 1993)
11 (Watanabe, 2005) –
73 (Watanabe, 2005) 104 (Debrunner et al., 1993)
140 ± 20 (Watanabe, 2005) –
210 ± 20 (Watanabe, 2005)
Table 8
Comparison of neutron ﬂux obtained by the observation method in solar cycle 23 (Watanabe et al., 2005; Watanabe, 2005; Valdes-Galicia et al., 2009; Watanabe et al., 2007).
No. Onset time Energy range
of neutron (MeV)
Observation method
Power-law spectrum index Neutron ﬂux on the Sun
(
1028 sr1)
The number of neutrons
at the top of the Earth’s
atmosphere (particles	m2)
Above the detector
(particles 	m2)
6 2000-11-24 56–700 4.2 ± 0.5 8.0 9:4
 105 3:6
 103
7 2001-04-15 70–700 4.0 ± 1.0 / / /
8 2001-08-25 54–600 3.1 ± 0.4 4.1 5:2
 105 2:5
 103
9 2003-10-28 104–1400 3.8 ± 0.4 12 2:0
 106 1:2
 103
10 2003-11-02 51–180 7.0 ± 1.3 28 2:7
 106 3:5
 103
11 2003-11-04 59–913 3.9 ± 0.5 240 3:0
 107 3:5
 103
12 2005-09-07 >100 3.8 0.6 / /
Table 9
Comparison of neutron ﬂux obtained by the model method in solar cycle 23 (Watanabe et al., 2005; Watanabe, 2005).
No. Onset time d model c model
Power-law spectrum index Neutron ﬂux on the Sun
(
1028 sr1)
Power-law spectrum index Neutron ﬂux on the Sun
(
1028 sr1)
6 2000-11-24 4.3 ± 0.2 16þ11 4:2þ0:30:2 15þ12
7 2001-08-25 3:0þ0:20:4 5:8þ0:80:6 3.1 ± 0.3 6:6þ0:90:8
9 2003-10-28 4:0þ0:40:2 130þ1010 2.9 ± 0.2 37þ34
10 2003-11-02 7:9þ0:81:0 33þ55 6:1þ0:60:8 24þ53
11 2003-11-04 3:9þ0:10:2 550þ4030 3:6þ0:10:2 420þ3030
Fig. 3. The simulated spectral indexes of neutrons in solar neutron events detected by ground-based neutron monitors.
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ﬂicts with the principle of the selected model. In addition, the
calculation results show that 4r enhancement of the count rates
will appear when about 103 neutrons inject above the detectors.
Energetic neutrons, protons and c rays can be produced in the
solar neutron events. During the analysis of solar neutron event
on May 24, 1990, researchers divided the whole process into the
impulsive stage which neutrons and c ray produces, emission stagewhich neutrons and energetic c rays produced, and the stage that
solar protons come into the near-Earth interplanetary space
(Debrunner et al., 1997). They think that solar protons in the inter-
planetary space do not originate from the particle swarm of neu-
trons and c rays, and they are the products of successive
acceleration in the interplanetary space.
In general, solar neutron events often accompany by solar pro-
ton events, not vice versa. Escaping-neutron spectrum produced by
Table 10
Comparison of neutron spectrum index, proton spectrum index and number of proton
(>30 MeV) in solar neutron events (Watanabe et al., 2005; Watanabe, 2005; Muraki
et al., 2008).
No. Onset
time
Neutron
spectrum index
Proton
spectrum index
Number of proton
(>30 MeV)/sr
1 1982-06-03 4.0 5.0 1033
2 1990-05-24 2.9 3.8 1033
3 1991-03-22 2.7 3.5 1031
4 1991-06-04 4.9 6.0 1032
5 1991-06-06 4.6 5.7 1031–1032
6 2000-11-24 4.2 5.2 1031–1032
7 2001-04-15 3.0 2.75 /
8 2001-08-25 3.1 4.0 1031
9 2003-10-28 3.8 4.8 1031–1032
10 2003-11-02 7.0 8.4 1030–1031
11 2003-11-04 3.9 4.9 1033
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et al., 2002; Hua and Lingenfelter, 1987a) and proton number
(E > 30 MeV), and both of spectral indexes have the following
relationship (Watanabe, 2005):
an ¼ ð0:89 0:17Þ 
 ap þ ð0:44 0:47Þ; ð9Þ
where an is spectrum index of escaping-neutron, ap is spectrum
index of the accelerated ion. Here we assume that accelerated ions
take the form of the power-law spectrum due to shock acceleration.
We can infer from formula 9 that spectrum indexes of ion spectrum
are softer than neutron energy spectrum, as shown in Table 10. We
can infer that spectrum index of solar neutron is generally between
3 and 4 (except for November 2, 2003 events), and the difference
between the corresponding proton spectrum and the neutron spec-
trum index is about 1 (e.g. spectrum index of proton is softer than
that of neutron). According to the calculation, proton numbers
(E > 30 MeV) are about 100–1000 times of neutron ﬂux on the solar
surface (see Tables 7–9). Because proton energy spectrum is
deduced from energy spectrum of neutron, we need to consider
some factors, such as energy range of neutrons, spectrum index
and ion abundance in the solar atmosphere and so on. The above
calculation results to some extent have certain limitations, and they
need more observation samples of solar neutron events to verify
furtherly.
5. Discussion and speculation
As a tool to study particle acceleration on the Sun, researches on
energetic particles associated with the solar neutron events and
analyses with the lag time between the peak time of energetic c
rays and enhancement time of ground-based detectors can diag-
nose and explore the ion acceleration mechanism, and learn the
atmospheric structure and evolution of solar ﬂare. Furthermore,
we can deduce the values of the accelerated parameters and physi-
cal parameters, and study the solar-terrestrial space environment
and the near-Earth space radiation by use of comprehensive uti-
lization of multi-band and interplanetary observations. But the fol-
lowing problems still exist in the present researches.
(i) It is not certain whether or not solar neutrons are produced
impulsively or by gradually accelerated ions, although most
of solar neutron events may be ﬁtted with an impulsive
injection model. Some intensive solar ﬂares present impor-
tant evidence of extended injection, for example, April 15
2001 event, October 28 2003 event and September 7 2005
event (Valdes-Galicia et al., 2009).(ii) The relation between spectrum index of solar neutron and
the acceleration mechanism of ﬂare still stays on the ﬁt to
the observation results calculated by the model. To explain
the time proﬁle of counts recorded by ground-based detec-
tors by use of single power-law spectrum form, is difﬁcult
to present its complicated time evolution of the structure.
(iii) In fact, it is difﬁcult to directly get information from neutron
monitor and to determine the production time and neutron
energy. Although solar neutron telescope can separate the
neutral and charged particle ﬂuxes, its ability of energy dis-
crimination and sensitivity of speed range is limited. As a
result, the probability of capturing the solar neutron events
is low. The improvement on spectral and directional ability
of solar neutron telescope is an important task in the future.
(iv) For individual solar neutron events (such as May 24, 2009
event), we can also assume that solar neutrons are produced
at the same time of electron acceleration in the solar ﬂare,
and ﬁt the observation data (Muraki and Shibata, 1996).
But X-ray observations from RHESSI satellite show that the
acceleration of ions and electrons have different mecha-
nisms (Hurford et al., 2003), it is necessary to develop the
theoretical models of solar neutron emission spectrum.
(v) The detection efﬁciency of neutron monitors and the
attenuation of solar neutron in the Earth’s atmosphere are
both related with neutron energy. For the calculation of neu-
tron energy spectrum, the deviation between detection efﬁ-
ciency adopted from Clem (Clem and Dorman, 2000) and
Shibata’s measurement on the accelerator experiments
(Shibata and Munakata, 2001) can be up to 5%, and it
makes demands on the calculation objectivity of neutron
energy spectrum.
(vi) Neutron counts which reach the top of ground-based detec-
tors in the solar neutron events are almost the same, and it
suggests that it is inconsistent to calculate energy spectrum
of solar neutron by using the model method.
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